Abstract-This paper investigates the impact of the in-car mobile call on the electromagnetic interaction of the mobile handset antenna and user's head. This impact was evaluated from two different perspectives; First, the antenna performance, e.g., total isotropic sensitivity and total efficiency, and second, the specific absorption rate (SAR) induced in the user's head. A Yee-FDTD based electromagnetic solver was used to simulate a mobile phone in hand close proximity to head at cheek and tilt positions, and working at a frequency of 1900 MHz (GSM 1900/PCS) while making a call inside a car. A Specific Anthropomorphic Mannequin (SAM) was used to simulate the user's head, a generic phone was used to simulate the mobile phone, a semi-realistic model with three tissues, i.e., skin, bone and muscle, was used to simulate the user's hand, and a CAD model of Ferrari F430-brand was used to simulate the car. The results showed a considerable degradation in the mobile phone antenna performance while making a mobile phone call inside a car that may drive the mobile phone increases its radiated power to establish a successful connection with the base-station antenna, and consequently increases the induced specific absorption rate in the user's head.
I. INTRODUCTION
The possible health hazard of cellular communication handsets due to their electromagnetic (EM) interaction with human have been investigated during the last twenty years, (Toftgard, Hornsleth, and Andersen, 1993; Dimbylow and Mann, 1994; Gandhi, Lazzi and Furse, 1996; Watanabe, et al., 1996; Abousetta, et al., 1999; Francavilla, et al., 2001; Wang Mously, 2011a; Al-Mously, 2011b; Al-Mously, 2012a; AlMously, 2012b ). This hazard is varied based on position of handset with respect to user's head and also the hand position that holding the handset. Beside this hazard, a degradation in the handset antenna performance, i.e., total isotropic sensitivity (TIS) and total efficiency ( ) are expected and may lead to a low handset antenna power radiation in some circumstances. Consequently, the handset increases the radiated power to maintain a successful call that will certainly increase the specific absorption rate (SAR) induced in the user's head and then increases the radiation hazard.
The influence of the metallic structures of a car body frame on the SAR produced by a cell phone when a complete human body model is placed at different locations inside the vehicle was analyzed by Anzaldi, et al. (2007) . A dipole antenna at 835 MHz located as a hands-free communication device was modeled to simulate the mobile phone.
The impact of source location and human occupancy configurations on in-vehicle SAR levels due to 400 and 900 MHz on board transmitters was investigated using numerical models by Ruddle (2007; .
The SAR evaluation in the scenarios of passengers using different wireless communication devices inside a vehicle was evaluated by Diao (2013) . The effects of the devices with different operational frequencies 900MHz/1.8GHz/2.4GHz, and different seating locations on the SARs were investigated. A simple metal frame was used to simulate the vehicle. A block model for the body and sphere model for the head were used to simulate the human complete body. The generic phone was used in a vertical position and placed in close vicinity to head, but not according to the recommended positions by the IEEE (IEEE-Std. 1528 , 2003 , i.e., check and tilt.
None of the publications (Anzaldi, 2007; Ruddle, 2007 Ruddle, , 2009 Diao, 2013 ) used a complete realistic car model including all parts, and the mobile phone model was not grabbed by hand and placed in close vicinity to head according to IEEE standard (IEEE-Std. 1528 , 2003 . Moreover, the impact while making a mobile call inside a car on the handset antenna performance was not investigated too.
This paper tries to investigate the EM interaction of a handset antenna and user's head while making a call inside a car. This can be achieved by evaluating the handset antenna performance degradation and the amount of the SAR induced in the user's head. Handset TIS and , and induced SAR in the user's head were all evaluated for holding a handset close proximity to head at cheek and tilt-position while making a call inside a complete realistic car model. The numerical calculation is based on Yee-FDTD technique using SEMCAD X version 14.0 Altesch (Schmid & Partner Eng. AG, 2009) .
The reminder of the paper is organized as follow. In Section II, the FDTD-based numerical method is described, In Section III, the design models involved in the numerical computations are styled. In Section IV, the FDTD grid generation needed to realize the study case using FDTD method is given. In Section V, the adopted computation technique results are validated in comparison with previous published work results. In Section VI, the results and implications are illustrated. Section VII discusses the results. Section VIII gives the computational requirements. Finally, section IX concludes the paper.
II. THE FDTD-BASED NUMERICAL METHOD
The Finite-Difference Time-Domain (FDTD) method that proposed by Yee (1966) is adopted in this paper as a numerical computation to solve a Maxwell's curl equations in the time domain. Maxwell's curl equations in the time domain are:
where ε and μ are the electric and magnetic properties, of the material, and σ E and σ H are the electric and magnetic conductivity, respectively. Maxwell's curl equations are discretized using a 2 nd order finite-difference approximation both in space and in time in an equidistantly spaced mesh (Schmid & Partner Engineering AG, 2009 ). The SEMCAD-X simulation platform is selected for simulating the study cases in this work due to its handling, functionality and features for highly detailed CAD models as well as efficient FDTD solver for simulating advanced applications.
III. DESIGN MODELS

A. Handset Design Model
Different generic phone models were suggested to simulate the mobile phone (IEEE-Std. 1528 , 2003 Beard, et al., 2006; Al-Mously and Abousetta, 2008d) . The one which suggested by Beard, et al. (2006) and shown in Fig. 1 was adopted and used to simulate the mobile phone handset for the sake of computation technique verification/validation.
Due to the huge amount of FDTD cells needed to simulate a phone call session inside a car, only a working frequency at 1900 MHz that represent the GSM-1900/PCS was used. This 1900 MHz is near the operating frequency of the GSM-1800 MHz. The antenna length is 36 mm and its square cross section has a 1-mm edge. The monopole is coated by a 1 mm thick plastic having permittivity and electrical conductivity . The chassis comprised a PCB, having lateral dimensions of mm and a thickness of 1 mm, symmetrically embedded in a solid plastic case with permittivity and electrical conductivity , lateral dimensions mm, and thickness 21 mm. The antenna is mounted along the chassis centerline so as to avoid differences between right-and left-side head exposure. The antenna is a thick-wire model whose excitation was a sinusoidal voltage source at the gap between the antenna and PCB. 
B. User's Hand Model
A semi-realistic hand model consisting of three tissues; skin, muscle and bone (Al-Mously and Abousetta, 2008a; 2009b) was designed and used to simulate the user's hand holding the cellular handset. Table I lists the dielectric properties of the three hand tissues.
C. User's Head Model
A Specific Anthropomorphic Mannequin (SAM) developed by different standard committees (IEEE Standard 1528 -2003 , 2003 IEC 62209-1, 2005) and represents the world-wide standard phantom for compliance testing is used to simulate the human head. The electrical properties of the SAM materials are defined as shown in Table I (Ferrari, 2014) , whereas, the dimensions of the F430 CAD model are; 4480 mm length, 1980 mm width and 1204 mm height, which are almost the same. Four different materials were recognized in the CAD model to simulate all car-materials; metal, plastic, glass and leather.
Ferrari F430-brand may effect on the mobile phone antenna EM wave radiation like any other sedan automobile, it has been chosen because the Ferrari CAD model is already available commercially. Fig. 2 shows the Ferrari-F430 CAD model. 
IV. FDTD GRID GENERATION
Six different scenarios were considered to anticipate the EM interaction of the handset antenna and user's head while setting a mobile call inside a car;
1. Handset, without user's hand, close proximity to head at cheek-position making a mobile call in free-space. 2. Handset, without user's hand, close proximity to head at tilt-position (15°) making a mobile call in free-space. 3. Handset in hand and close proximity to head at checkposition making a mobile call in free space.
4. Handset in hand and close proximity to head at tiltposition making a mobile call in free space. 5. Handset in hand and close proximity to head at checkposition making a mobile call inside a car. 6. Handset in hand and close proximity to head at tiltposition making a mobile call inside a car.
It is important to mention that the procedure for the evaluation of the Electromagnetic (EM) interaction between the mobile phone antenna and human body presented by AlMously (2011b) is adopted and followed in this paper. The FDTD grid cells were aligned in the direction of handset antenna, e.g. the cells are parallel and in the z-direction.
A. Grid Generation of the Scenarios 1 and 2
In these two scenarios a handset close proximity to head at cheek and tilt-position making a mobile call in free-space were set and modeled. The purpose of these two scenarios is to validate the FDTD numerical computation by comparing the achieved results in this paper with the results given by Beard, et al. (2006) . A minimum spatial resolution of 1×1×1 mm 3 and a maximum spatial resolution of 3×3×3 mm 3 in the x, y, and z directions are chosen for simulation. The absorbing boundary conditions (ABCs) are set as a uniaxial perfectly matched layer (UPML) mode with a very high strength thickness, where minimum level of absorption at the outer boundary is (>99.9%). A grading ratio of 1.2 is used for the solid regions during the simulations. Fig. 3 shows the CAD models of both scenarios. 
B. Grid Generation of the Scenarios 3 and 4
For the scenarios 3 and 4, a minimum spatial resolution of 1×1×1 mm 3 and a maximum spatial resolution of 3×3×3 mm 3 in the x, y, and z directions are chosen for simulation. The absorbing boundary conditions (ABCs) are set as a uniaxial perfectly matched layer (UPML) mode with a very high strength thickness, where minimum level of absorption at the outer boundary is (>99.9%). A grading ratio of 1.2 is used for the solid regions during the simulations. Fig. 4 shows the CAD models of both scenarios. 
C. Grid Generation of the Scenarios 5 and 6
For the scenarios 5 and 6, a minimum spatial resolution of 1×1×1 mm 3 . The lowest number of cells per wavelength was 4 which gives reasonable results (Dimbylow and Gandhi, 1991) . A grading ratio of 1.3 is used for the solid regions during the simulations. Same boundary conditions of Scenario 3 and 4 were used in this scenario. For the six scenarios, a 15 simulation cycles were set to achieve stability. Fig. 5 shows the CAD models of the scenarios 5 and 6, whereas, Fig. 6 shows the visualization of voxels after gridding of the scenario 5, where the grid-cells are aligned with handset antenna dimensions, not the car dimensions. V. VALIDATION OF THE COMPUTATION TECHNIQUE To validate the numerical computation and the FDTDmethod adopted in this paper, a comparison with other published results using a same scenario is essential. The validation of the adopted FDTD computation was achieved by comparing the results of scenarios 1 and 2 with the results given by Beard, et al. (2006) for the same scenarios, where a handset close proximity to head at cheek and tilt-position in free space were modeled as shown in Fig. 3 . Table III gives the computed induced SAR in head and the one given by Bread, et al. (2006) for the handset close proximity to head at both cheek and tilt-position with antenna input power of 1.0 Watt. Both results at each position show a good agreement and validate the adopted numerical computations of this paper. VI. RESULTS AND IMPLICATIONS The impact of in-car mobile phone call on the electromagnetic interaction of the handset antenna and user's head was evaluated from two different perspectives; first, the antenna performance, second, the specific absorption rate (SAR) induced in the user's head The antenna performance represented by the antenna total efficiency ( ), total radiated power (TRP) and total isotropic sensitivity (TIS). Both TRP and are defined as follow (Balanis, 1997) ; (4) (5) where ( ) is the radiation efficiency and ( ) is the mismatch efficiency.
The TIS is a measure of the handset receiving performance, where both TIS and TRP together determine the effectiveness of the handset as a piece of radio equipment, in particular the maximum range at which the handset can operate from the base station with some given level of performance (Chen, 2007) .
The specific absorption rate (SAR) induced in the user's head is an index that quantifies the rate of energy absorption in biological tissue expressed in watts per kilogram (W/kg). SAR is generally quoted as a figure averaged over a volume corresponding to either 1 g or 10 g of body tissue. Based on SCC-34, SC-2, WG-2 -Computational Dosimetry, IEEE-Std. 1529 IEEE Standard-1529, draft), an algorithm has been implemented using a FDTD-based EM simulator, SEMCAD X (Schmid & Partner Engineering AG, 2009).
The handset in all six scenarios is modeled with operating frequency of 1900 MHz and antenna input power of 125 mW.
The antenna performance parameters , and given for the handset making a call in free space, making a call while in hand close to head in free space and making a call while in hand close to head inside a car are all listed in Table IV , whereas, the total radiated power (TRP), TIS and induced SAR (averaged over 1g) in head values are listed in Table V. The values of the induced SAR 1g in head for both cheek and tilt positions and listed in Table V are almost under the limit of the IEEE/ANSI/FCC (IEEE-Std. C95.1b, 2004; IEEE Standard-1529, draft) , where the maximum is 1.6 (W/kg) averaged over 1g. Fig. 7 illustrates the 3D electrical far-field radiation pattern of the handset in hand close proximity to head at cheekposition while making a call in free-space. The same radiation pattern is illustrated in Fig. 8 , but for the handset at tiltposition. Fig. 9-a shows the surface distribution of the spatial peak SAR [IEEE-1529] for the handset in hand close proximity to head at cheek-position while making a call inside a car. Fig. 9 b shows the same distribution at cheek-position with zoomed head view, whereas, Fig. 9 -c shows the same distribution at tilt-position. Fig . 10 shows the handset in hand close proximity to head inside a car with x, y, z axis and theta and phi directions to illustrate the 3D far-field radiation patterns of the handset inside a car while making a mobile call at cheek and tiltposition, Fig. 11 and Fig. 12 , respectively.
The 3D electrical far-field radiation pattern of the handset inside a car at cheek-position, Fig. 11 , shows a dramatic radiation pattern change, as compared with the patterns of Fig.  7 and Fig. 8 . The main lobe is the direction of the car roof due to the ground effect with minor lobes in the left-side direction of the driver, whereas, Fig. 12 shows two main lobes, one in the direction of the car roof and the other in the left-side direction of the driver due to tilting the handset 15° with respect to head VII. DISCUSSION
A. Unsuccessful Mobile Call Establishment inside a Car
The results given in Table IV shows a high degradation in the antenna performance, i.e., , of the handset in hand close proximity to head while making a mobile call inside a car, as compared with the case in free space. A degradation of (-96.9%) at cheek-position and (-97.7%) at tilt-position are observed. This is mainly due to the degradation in the because of the car body coverage, and degradation in the , as well. Although the presence of head at both positions in free space degrades the antenna but at the same time it improves the antenna , Table IV . On the other hand, this improvement turns oppositely when the antenna is placed close to head and directly under the car metal roof, especially at tilt position where the antenna is closer to head. (-9.5%) degradation in the antenna at cheek position was noticed, whereas, a (-50.5%) degradation was at tilt position.
The same scenario of degradation was observed, Table V , for the TIS while making a mobile call inside a car, as compared with the call in free space. A degradation of (-15.2%) and (-16.4%) was computed for the cheek and tiltposition, respectively. It is obvious that the presence of car shows more negative impact on the handset antenna performance at tilt-position, as compared with the case at cheek-position. The same effect is applicable for the TRP, Table V , since TRP depends directly on the , (4). Table V shows that the induced SAR 1g in the user's head at tilt-position is more than at cheek-position, while making a call in free-space. These results are in consistence with the results presented by Al-Mously and Abousetta (2008b) .
Since the SAR 1g induced in the user's head depends on the handset antenna near field, not the far field radiation, the multi reflections of the handset EM waves inside a car should have no effect on the amount of the induced SAR 1g . For the same antenna input power (125 mW) of the handset making a call in free-space and inside a car, as well, no change in the SAR 1g values were noticed due to the presence of car, as shown in Table V . According to (4) and with antenna TIP of 125 mW, the antenna TRP is 0.85 mW for the handset at check-position and 0.66 mW for the handset at tilt-position, while making a mobile call inside a car, Table VI. These TRPs are not enough to establish a successful call with the mobile base-station antenna, The mobile base-station needs a minimum of 1 mW (0.0 dB), power level number 15, to be connected successfully with the handset terminal (Poole, 2004) .
The recommended minimum accepted degradation in TIS while making a mobile call, as compared with the mobile call in free-space, neither hand nor head proximity exists, is about 10-12 dBm (Lindberg, 2007; Al-Mously and Abousetta, 2009a) . This recommendation does exists with the handset while making a call in free-space, but does not exists while making a mobile call inside a car, Table V . Moreover, the recommended minimum accepted TIS for the GSM family is -(92.4 -99.4) dBm, based on frequency (Pedersen, 2012) , regardless the handset position or the object in close proximity. Also, this recommendation does exists with the handset while making a call in free-space, but does not exists while making a mobile call inside a car, where the TIS values are -84.36 and -83.27 for cheek and tilt-position with degradation of -20.64 dBm and -21.73 dBm, respectively, Table V .
Therefore, the unaffected safely SAR 1g values that given in Table V due to the presence of car are considered not realistic and do not reflect the actual values, as long as a successful connection between the handset of such a scenario with a mobile base-station cannot be established due to low TRP.
B. Successful Mobile Call Establishment inside a Car
As mentioned above, the establishment of a successful call between the handset and mobile base-station necessitates a TRP of more than 1 mW. Based on the TRP values given in Table V , for the handset making a call inside a car, the mobile base-station sends a signal to handset requests for increasing the antenna output power which consequently increases TIP. Table VI shows that the increments of 17.6% and 51.5% in the TRP, for cheek and tilt-position, respectively, are required to achieve the minimum value of 1 mW. These increments necessitate a corresponding increments in the TIP. TIPs of 147.1 mW and 189.4 mW are looked-for to achieve a successful mobile call. With these new TIP values, which represent the minimum looked-for values and able to establish a successful mobile call, the numerical computation of the scenarios 5 and 6 were scaled accordingly, since the SAR is directly proportional with the input power. The handset antenna TIP is set to equal 147.1 mW for the scenario 5 and 189.4 mW for the scenario 6, instead of the 125 mW for both. The corresponding new TRP and SAR 1g values were achieved and listed in Table VII . The numerical computation shows TRP of 1 mW for both scenario, 5 and 6. Thus the corresponding SAR values induced in the user's head can be considered realistic as long as with such TIP and TRP values a mobile call between the mobile basestation and the handset terminal can be established successfully. It is very clear in Table VII that establishing a successful mobile call inside a car which necessitates a TIP increment that consequently leads to increase the induced SAR 1g in head by percent values of 17.6% and 51.5% at cheek and tiltposition, respectively. Due to this increase, the SAR 1g may cross the IEEE/ANSI/FCC limits as in the case of tilt-position, 2.54 W/kg.
VIII. COMPUTATIONAL REQUIREMENTS
All computations were performed on a CPU of 2.4 GHz Intel® core™ i7 Laptop machine (Dell, XPS L702X) with 8 GB memory and 64-bit Windows operating system. No hardware accelerator aXware (Schmid & Partner Engineering AG, 2009) was used to accelerate the simulations. The number of FDTD grid cells and running time were totally depend on the problem size.
IX. CONCLUSION
In addition to the continuous calling of the national transportation safety boards and agencies in most countries for a complete ban on talking by mobile phone while driving, due to the possible car accidents, this paper showed a possible biological hazard of the mobile call inside a car or while driving owing to the induced SAR in head tissues. The results achieved throughout this paper showed a significant degradation in the handset antenna performance, i.e., total isotropic sensitivity and total efficiency, while making a mobile call inside a car. This degradation may not initiate the handset to establish a successful mobile call and consequently the mobile base-station may request the handset to increases its input power. Accordingly, this will certainly increases the induced SAR in head. The numerical computations showed a 17.6% and 51.5% increase in the spatial peak SAR 1g induced in the head tissues for the handset at cheek and tilt-position, respectively, while making a mobile call inside a car, as compared with the mobile call in free space. In other words, making a mobile phone call inside a car is more hazardous than a mobile call in free space and the SAR 1g induced in head tissues may cross the IEEE/ANSI/FCC standard limits.
